We present a comprehensive analysis in the 3+1 active-sterile neutrino oscillation scenario for the sensitivity of the ESSnuSB experiment in the presence of light sterile neutrinos assuming both a far (FD) and a near (ND) detector. Our analysis show that when the ND is included, the results are significantly different compared to the ones obtained with the FD only. We find that the capability of ESSnuSB to constrain the sterile mixing parameters is sin 2 2θ µe ∼ 10 −4 for ∆m 2 = 1 eV 2 if the ND is included and it becomes sin 2 2θ µe ∼ 10 −2 without the ND. Furthermore, we show that the sensitivity can go down to sin 2 2θ µe ∼ 10 −3 for the most conservative choice of the systematics on the ND. Comparing the sensitivity with T2HK, T2HKK, and DUNE by considering the FD only, we find that the sensitivity of ESSnuSB is smaller for most of the parameter space. Studying the CP violation sensitivity, we find that if the ND is included, it can be larger in the 3+1 scenario than in the standard one. However, if the ND is not included, the sensitivity is smaller compared to the one in the standard scenario. We also find that the CP violation sensitivity due to δ 13 is larger compared to the one induced by δ 24 . The sensitivities are slightly better for the dominant neutrino running ratio of ESSnuSB.
Introduction
In the standard three-flavor scenario, the phenomenon of neutrino oscillations is described by six parameters. There are three leptonic mixing angles θ 12 , θ 23 , and θ 13 , two masssquared differences ∆m 2 21 and ∆m 2 31 , and one Dirac CP-violating phase δ 13 . Among the six parameters, θ 12 , θ 13 , ∆m 2 21 , and |∆m 2 31 | are measured with very good precision [1] . At present, the unknown parameters are: (i) The neutrino mass ordering or the sign of ∆m 2 31 , which can be either ∆m 2 31 > 0 giving normal mass ordering (NO) or ∆m 2 31 < 0 giving inverted mass ordering (IO). (ii) The value of θ 23 and to which octant it belongs, which can be either θ 23 < 45 • in the lower octant (LO), θ 23 > 45 • lying in the higher octant (HO), or θ 23 = 45 • resulting in maximal mixing. (iii) The value of the CP-violating phase δ 13 . In a quest to determine these unknown parameters, the currently running experiments are T2K [2] and NOνA [3] . The data of these experiments suggest that there is a mild tendency towards NO, HO of θ 23 , and δ 13 around −90 • . There are many neutrino oscillation experiments, which are proposed to measure these unknown parameters at very significant confidence level.
Apart from the standard three-flavor neutrino oscillation scenario, it is also possible to probe various new physics scenarios in neutrino oscillation experiments. An example of one such scenario is the existence of a light sterile neutrino. Sterile neutrinos are SU(2) singlets which do not interact with the Standard Model particles. However, they can mix with the active neutrinos and therefore take part in the oscillation phenomenon. Recently, there are compelling experimental evidences towards the existence of a light sterile neutrino at the eV scale [4] . For a review on this subject, we refer to Ref. [5] . Probing light sterile neutrinos in long-baseline neutrino oscillation experiments is a very interesting topic. In such experiments, protons are collided on a fix target to produce pions and then the pions decay to produce muon and antimuon neutrinos having energies from hundreds of MeV to a few GeV. These neutrinos are detected by a far detector (FD) at a distance which is suitable to study neutrino oscillations that are governed by ∆m 2 31 . At this distance, the oscillations driven by sterile neutrinos, which would be governed by a neutrino mass-squared difference around 1 eV 2 and therefore averaged out, can affect the physics measurement at the FD. Apart from that if there is a near detector (ND), then it is also possible to probe the oscillations that are governed by the light sterile neutrino mass-squared differences. Analyses of sterile neutrinos in the context of long-baseline neutrino oscillation experiments have been carried out previously in the literature [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] .
In this work, we study the sensitivity to a light sterile neutrino in the context of the ESSnuSB experiment [19, 20] . ESSnuSB is a proposed long-baseline neutrino oscillation experiment in Sweden. In this experiment, the neutrinos will be produced by a proton beam of energy 2.5 GeV. This experiment is mainly designed to measure δ 13 at the socalled second oscillation maximum. We address two important questions: (a) how well ESSnuSB can put bounds on the sterile mixing parameters assuming there are no sterile neutrinos in the data and (b) how the CP measurement capability of ESSnuSB is affected assuming the existence of light sterile neutrinos in the data. We perform our study by using three detector configurations of ESSnuSB: (i) combined FD and ND with correlated systematics, (ii) combined FD and ND without any spectral information on the ND, and (iii) an FD only with an overall systematic uncertainty. Here we would like to mention that Ref. [15] has discussed (b) assuming an FD only. However, as we mentioned earlier, with an FD only, the oscillations of sterile neutrinos with ∆m 2 41 ∼ 1 eV 2 are averaged out. Only in the presence of an ND, one can probe the oscillations of sterile neutrinos. Therefore, the results in the presence of both an FD and an ND can be different from the results obtained with an FD only.
This work is organized as follows. In Section 2, we will discuss neutrino oscillations in the 3+1 active-sterile scenario. Then, in Section 3, we will give the configuration of ESSnuSB, which is used in our analysis. Next, in Section 4, we will present our results, and finally in Section 5, we will summarize and conclude.
The 3+1 active-sterile neutrino oscillation scenario
In general, in the 3+1 active-sterile neutrino oscillation scenario, the neutrino oscillation probability from a neutrino flavor ν α to another one ν β is given by (see e.g. Ref. [21] )
, α, β = e, µ, τ, s ,
j is the definition of the neutrino mass-squared differences, m i being the mass of the neutrino mass eigenstate ν i (i = 1, 2, 3, 4) as well as L and E are the baseline length and the neutrino energy, respectively. Furthermore, the quantities U αi are the leptonic mixing matrix elements. Thus, the full 4 × 4 leptonic mixing matrix U can be parametrised through successive two-dimensional rotations as [7] 
where U ij (θ ij , δ ij ) denotes a rotation in the (i, j)-plane with mixing angle θ ij and CPviolating phase δ ij and U 3ν corresponds to the ordinary three-flavor leptonic mixing matrix. In order to simplify the notation, we use the two following abbreviations c ij ≡ cos θ ij and s ij = sin θ ij .
For small values of L/E, i.e. relevant at the ND, assuming ∆m 2 4i ∆m 2 31 , ∆m 2 21 (i = 1, 2, 3), the neutrino oscillation probability from Eq. (2.1) is dominated by the effect of sterile neutrinos, since ordinary three-flavor neutrino oscillations have not yet developed. Therefore, an effective two-flavor approximation can be used (see e.g. Ref. [4] ) to describe it as
with the effective amplitude
The approximation in Eq. (2.5) is very useful to help understand most of the phenomenology of oscillations with sterile neutrinos, except for CP violation which cannot be described using a two-flavor approximation. In super beam neutrino experiments neutrino oscillations are probed through the appearance (ν µ → ν e ) and disappearance (ν µ → ν µ ) channels. Therefore, using Eq. (2.6), the mixing parameters that affect these oscillations are the amplitudes sin 2 2θ µe and sin 2 2θ µµ , which are given by where ∆ ij ≡ ∆m 2 ij L/(4E). 1 Note that in the last term of Eq. (2.9), the relative sign between the phases are different compared to Refs. [4, 23] , since we have used a different convention for the sterile CP-violating phases.
Similarly, using Eq. (2.1) in the so-called long-baseline limit (i.e. ∆ 21 → 0 and ∆ 41 → ∞) or Eq. (2.5) from Ref. [22] , we derive a series expansion in s 13 , s 14 , and s 24 for the disappearance channel formula in vacuum at the FD as Note that expressions (2.9) and (2.10) are independent of ∆m 2 41 . The reason is that for the L/E values which are relevant at an FD of long-baseline experiments (including super beams), oscillations are averaged out for the preferred values of ∆m 2 41 by the LSND experiment [24] or the MiniBooNE experiment [25] and global analyses [18] . Thus, long-baseline experiments are not sensitive to such values of ∆m 2 41 if there is only an FD. Furthermore, we note that these expressions are independent of θ 34 and δ 34 . However, as shown in Ref. [7] , this simplification does not hold for the corresponding expression to Eq. (2.9) in matter, since both θ 34 and δ 34 affect it significantly. Also, note that in the appearance channel probability, θ 14 , θ 24 , and δ 24 appear in the third-order term in the small parameters s 13 , s 14 , and s 24 and δ 13 appears in both the first-order and the third-order terms, whereas for the disappearance channel probability, θ 14 , δ 13 , and δ 24 appear in the third-order term and θ 24 appears in both the second-order and the third-order terms. Therefore, we understand that the constrains on θ 24 coming from the disappearance channel will be stronger as compared to the constraint on θ 14 from the same channel.
Experimental setup and simulation details of ESSnuSB
We perform our analysis using the GLoBES [26, 27] software to simulate ESSnuSB. We explicitly simulate an ND and an FD in order to reduce systematic uncertainties [19] . The FD is a 1 Mt MEMPHYS-like water-Cherenkov detector [28] located at a distance of 540 km from the source, while the ND is assumed to have the same efficiency and background rejection capabilities as the FD [28] with a fiducial volume of 0.1 kt and placed at a distance of 0.5 km from the source. We consider a beam power of 5 MW with 2.5 GeV protons capable of producing 2.7×10 23 protons on target per year. The fluxes are simulated explicitly at 1 km for the ND [29] as well as at 100 km (and consequently rescaled) for the longer baseline of the FD [19] . We assume a total 10 years of running time divided into three options, which are 2+8, 5+5, and 8+2, where "a+b" implies, "a" years running in neutrino mode and "b" years running in antineutrino mode. Throughout the simulations, we use the same treatment of systematic errors as in Ref. [30] . In particular, we use the systematic uncertainties from Tab. 1, which correspond to the dubbed "Default" systematics from Ref. [30] . For the FD only analysis, we consider an overall 8 % systematic error in the signal and a 10 % one error in the background. We consider both the appearance and the disappearance channels in our analysis. Table 1 . Systematic uncertainties for a super beam as described in Ref. [30] for the "Default" scenario.
Systematics
We estimate the statistical χ 2 function using
where n is the number of energy bins, N true is the number of true events, and N test is the number of test events and incorporate the systematics by the method of pulls. We also include Gaussian priors on all standard neutrino oscillation parameters with their 1σ errors to the χ 2 function, except on θ 23 , ∆m 2 31 , and δ 13 , for which we include Gaussian priors on sin 2 2θ 23 and |∆m 2 31 |, and no prior at all on δ 13 . We do not consider any priors on the sterile mixing parameters as well when marginalizing over them.
Simulation results
In this section, we will present our results. First, we will present results at the probability level, which will help to understand the nature of neutrino oscillations in the 3+1 scenario at the FD and the ND. Then, we will present the sensitivity of ESSnuSB to constrain the sterile mixing parameters and discuss how the sensitivity of ESSnuSB compares to the ones of other long-baseline neutrino oscillation experiments. Finally, we will discuss the CP violation sensitivity of ESSnuSB in the presence of light sterile neutrinos. For the presentation of all results, we assume the best-fit values of the parameters from Ref. [1] assuming NO, which are currently preferred and summarized in Tab. 2.
Discussion at the probability level
In Fig. 1 , we show the appearance channel oscillation probability for neutrinos as a function of E in the presence of sterile neutrinos with different values of ∆m 2 41 . The left panel is for the baseline length of 540 km, which corresponds to the distance to the FD, whereas the right panel is for the baseline length of 0.5 km, corresponding to the distance to the ND. These panels are generated for the best-fit values of the neutrino oscillation parameters for the standard three-flavor scenario given in Tab. 2, taken from Ref. [1] . For the sterile mixing parameters, we choose sin 2 θ 14 = sin 2 θ 24 = 0.025 [31] . Furthermore, we set the values of the sterile CP-violating phases to zero, i.e. δ 24 Figure 1 . Appearance channel oscillation probability for neutrinos as a function of the neutrino energy E. The left panel is for ESSnuSB with a baseline length of 540 km, whereas the right panel is for ESSnuSB with a baseline length of 0.5 km. The solid purple curve corresponds to ∆m 2 41 = 1 eV 2 , the long-dashed blue one to ∆m 2 41 = 10 eV 2 , and finally, the dashed green one to ∆m 2 41 = 0.1 eV 2 . In the right-panel, the dot-dashed maroon curve corresponds to the oscillation probability convoluted with the Gaussian filter to take care of the fast oscillations.
corresponding to three different values of ∆m 2 41 , which are 1 eV 2 , 10 eV 2 , and 0.01 eV 2 , respectively. From the left panel, we see that the probability for all three values of ∆m 2 41 are equivalent and there is no distinguishable behavior in the oscillation pattern, since at this value of L/E, the oscillations are averaged out as can be seen in Eq. (2.9). As expected, if we perform an analysis with an FD only, it will not be possible to probe such large values of ∆m 2 41 . On the other hand, from the right panel, we observe that for an ND, the oscillation probability is sensitive to different values of ∆m 2 41 . For ∆m 2 41 = 0.1 eV 2 , we note that the oscillations have not fully developed, while for ∆m 2 41 = 10 eV 2 , the oscillations tend to become rapid compared to the 0.1 GeV energy resolution of a water-Cherenkov detector. In order to perform the sensitivity studies in GLoBES, we use the built-in filter that convolutes the oscillation probability with a Gaussian with width approximately that of the energy Figure 2 . Plot in the sin 2 θ µe -∆m 2 41 plane: Sensitivity to the sterile mixing parameters of interest necessary to describe the results of the LSND experiment for different choices of systematic errors. The red curve corresponds to having only overall systematics, the dark blue one accounts to having no spectral information in the near detector, while the rest of the curves correspond to introducing different levels of shape systematic uncertainties in the signal (S) and the background (B) channels for different number of pivot points (PP) where the systematics is allowed to freely vary. bin, such that the sensitivity obtained is not spurious due to the fast oscillations. The use of the filter results in the oscillation probability shown by the dot-dashed maroon curve in the right panel. Finally, for ∆m 2 41 = 1 eV 2 , we note that the first oscillation maximum is being fully probed at the detector. Therefore, we understand that an ND is ideal to measure the oscillations governed by a light sterile neutrino of mass around 1 eV 2 , and thus, we expect to obtain good sensitivity to the sterile mixing parameters if we perform a combined analysis with both FD and ND.
Bounds on sterile mixing parameters
Next, we discuss how well ESSnuSB can put bounds on the sterile mixing parameters. As noted in the right panel of Fig. 1 , for given values of ∆m 2 41 we have very fast oscillations compared to the energy resolution of the detector, which would be averaged out. In Fig. 2 , we show the sensitivity at 95 % C.L. to sterile neutrinos that could describe the electron neutrino appearance measured in the former LSND experiment [24] for different values of ∆m 2 41 and sin 2 2θ µe as defined in Eq. (2.8). We marginalize over θ 14 and θ 24 and keep the rest of sterile parameters fixed to zero in the test values. The splitting of the running time is 5 + 5 years in neutrino and antineutrino mode, respectively.
As we can see from Fig. 2 , there are two well-defined sensitivity regions for the different values of ∆m 2 41 . The FD-dominated region for ∆m 2 41 ∼ 10 −3 eV 2 (i.e. near values of ∆m 2 31 ), where the sterile oscillations are fully developed at the FD, and the ND-dominated region for ∆m 2 41 ∼ 1 eV 2 , where the first sterile oscillation maximum is developed at the ND, as shown in Fig. 1 . Although the detector has only an energy resolution of 0.1 GeV, this is enough to reconstruct the shape of the event rate such that it cannot be mimicked by overall normalization systematics (solid red curve in Fig. 2) . Thus, the sensitivity around 1 eV 2 is at the order of sin 2 2θ µe ∼ 10 −4 . On the other hand, if the ND had no energy resolution, i.e. being a "counting experiment" (solid dark blue curve in Fig. 2) , then there would be no shape information to reconstruct the oscillations from sterile neutrinos, and therefore, overall systematics could hide the presence of sterile neutrinos, dramatically reducing the sensitivity down to sin 2 2θ µe ∼ 10 −2 .
It is interesting to study the impact of systematic uncertainties which affect the shape of the event rate. This kind of systematics could arise from uncertainties in the neutrino flux or the cross section, which depend on the particular energy of the neutrinos affecting different experimental energy bins independently. Such systematic uncertainties are implemented in the simulations, using different sizes of the systematics for the signal (S) and the background (B) channels and also different energies at which the systematics is allowed to freely vary (5 pivot points for the solid orange, dashed olive, and dark dot-dashed green curves or 8 pivot points for the solid light blue curve in Fig. 2 ). As can be seen, already when introducing small systematics in the shape of the event rate, the sensitivity around ∆m 2 41 is reduced around an order of magnitude or even more depending on the size of this systematics. Although a detailed study beyond the scope of this work would be necessary to appropriately adress the adequate size and impact of these uncertainties, it is clear that the energy resolution of the ND is crucial to have as large sensitivity as possible to sterile neutrinos.
In Fig. 3 , we present the sensitivity at 95 % C.L. of ESSnuSB to the sterile mixing angles θ 14 and θ 24 for particular values of ∆m 2 41 . We marginalize over all standard neutrino oscillation parameters as well as the sterile parameters not explicitly shown in the plots of Fig. 3 , namely θ 34 , δ 14 , and δ 34 . The left, middle, and right columns are for ESSnuSB running options of 2+8, 5+5, and 8+2, respectively. In the top row, we present the results for combined FD+ND with the systematics from Tab. 1, and in the middle row, we give the results for an ND only. Finally, in the bottom row, in order to estimate the sensitivity for the FD without any ND, we present the results for a detector configuration of FD+ND without any energy information on the ND such that sterile oscillations cannot be observed at the ND. In other words, we consider only one energy bin for the ND, acting as a counting experiment, which corresponds to the solid dark blue curve in Fig. 2 . We adopt this method so that the systematic uncertainties in every row in Fig. 3 are exactly the same ones among the different cases and we can fairly compare every panel of this figure.
From the top row, we see that for ∆m 2 41 = 0.01 eV 2 , the bounds are weak as for this value of ∆m 2 41 , the oscillations have not yet developed for the ND, and therefore, the existing sensitivity comes from the FD, where the oscillations are averaged out. Increasing the value of ∆m 2 41 , the oscillations becomes more developed in the ND and we obtain the best bound for ∆m 2 41 = 1 eV 2 , since for this value of ∆m 2 41 , the oscillations are fully developed at the ND, which can be observed in Fig. 1 . Increasing the value of ∆m 2 41 further, the oscillations tend to become averaged out and again the sensitivity decreases. In the middle row, as the oscillations for ∆m 2 41 = 0.01 eV 2 and 0.1 eV 2 have not developed at the ND, we only present results for 1 eV 2 , 10 eV 2 , and 100 eV 2 . From these curves, we note that the sensitivity is very similar to that of FD+ND. From this, we understand that for these values of ∆m 2 41 even for FD+ND, the main sensitivity comes from the ND and including data from the FD does not help much as it becomes systematically dominant with further addition of statistics. From the bottom row, we note that when there is no spectral information on the ND, the sensitivity for ∆m 2 41 = 1 eV 2 is lost and for all values of ∆m 2
41
we obtain similar sensitivities. The reason is that now the sensitivity comes from the FD, where the oscillations due to the sterile neutrinos are averaged out and the sensitivity due to different values of ∆m 2 41 is lost. From the plots, we note that the bounds on θ 24 are slightly better than the bounds on θ 14 the three different running options, we note that with the increment of the fraction of the neutrino running, the sensitivity becomes slightly better.
Comparison with other long-baseline experiments
In this subsection, we will compare the sensitivity of ESSnuSB to the sterile mixing parameters with other future long-baseline neutrino oscillation experiments, namely T2HK [32] , T2HKK [32] , and DUNE [33] . T2HK will be the upgrade of the T2K experiment, where the detector will be upgraded to two water-Cherenkov tanks of 187 kt each near the existing Kamioka site. The proposal of the T2HKK project is to move one of the water-Cherenkov tanks to Korea at a baseline length of 1100 km. DUNE is the long-baseline neutrino oscillation program of Fermilab having a baseline length of 1300 km. In Fig. 4 , we present the sensitivity of ESSnuSB in the sin 2 θ 14 (test) -sin 2 θ 24 (test) plane at 95 % C.L. for three combinations of the neutrino-antineutrino running ratio (the same as that of Fig. 3 ) along with the sensitivities of T2HK, T2HKK, and DUNE as obtained in Ref. [12] . As the sensitivities of T2HK, T2HKK, and DUNE are obtained assuming an FD only, we present our results of ESSnuSB considering an FD only and assuming an overall systematics of 8 % in the signal and 10 % in the background. We have checked that this configuration of ESS-nuSB exhibits similar sensitivity as the FD+ND configuration with correlated systematics for the search of CP violation, for which the experiment was originally designed [19] . For these results, we choose the same true parameter values as used in Ref. [12] , which are θ 12 = 33.56 • , θ 13 = 8.46 • , θ 23 = 45 • , ∆m 2 21 = 7.5 × 10 −5 eV 2 , ∆m 2 31 = 2.5 × 10 −3 eV 2 , and δ 13 = −90 • . Following Ref. [12] , we marginalize only over the parameters δ 13 , θ 14 , θ 24 , θ 34 , δ 24 , and δ 34 . We use the GLoBES minimizer and assume no priors. The value of ∆m 2 41 is 1.7 eV 2 . From the plot, we see that the sensitivity of ESSnuSB is slightly worse than the other experiments in most of the region of the parameter space, given that an FD only cannot probe the sterile oscillation for such value of ∆m 2 41 . Note however, that from the first row of panels in Fig. 3 it is expected that the ESSnuSB sensitivity is considerably improved in the presence of an ND. We also note that around sin 2 θ 14 (test) = 0.3, the sensitivity of ESSnuSB is comparable with that of DUNE. As mentioned earlier, the ESSnuSB run time of 8+2 year gives slightly better sensitivity than the other two configurations.
CP sensitivity in presence of light sterile neutrinos
In this subsection, we will discuss the CP violation sensitivity of ESSnuSB assuming the existence of a light sterile neutrino with ∆m 2 41 = 1 eV 2 . CP violation sensitivity of an experiment is defined by its capability to distinguish a value of the CP-violating phase other than 0 • and 180 • . In Fig. 5 , we present the CP violation sensitivity of ESSnuSB due to δ 13 for four different values of true δ 24 . The true values of the standard neutrino oscillation parameters are the ones given in Tab. 2. For the sterile mixing parameters, we assume sin 2 θ 14 = sin 2 θ 24 = 0.025 [31] , θ 34 = δ 34 = 0 • , and ∆m 2 41 = 1 eV 2 . We marginalize over all standard parameters with δ 13 minimized over 0 • and 180 • only and also over the sterile parameters θ 14 , θ 24 , θ 34 , δ 24 , and δ 34 . In these plots, we minimize over the neutrino mass ordering, i.e. we choose the minimum of the two calculated values of the χ 2 function for both test NO and test IO, and both octants. In the top row, we present the sensitivity for FD+ND, and in the bottom row, we present the sensitivities for an FD only with 8 % (10 %) overall systematics in signal (background). The left, middle, and right panels are for the ESSnuSB configurations of 2+8, 5+5, and 8+2 neutrino-antineutrino running times, respectively. The figures in the bottom panels are consistent with the results from Ref. [15] . From these plots, we see that in the absence of an ND, the CP violation sensitivity in the presence of sterile neutrinos is lower as compared to the case when we include an ND along with an FD. However, when we include the ND, the sterile mixing parameters are constrained due to oscillations of sterile neutrinos at the ND, as discussed in Section 4.2, which is not the case for an FD only, where oscillations of sterile neutrinos are averaged out and the constraints on the sterile mixing parameters are weaker. Therefore, the conclusion obtained in Ref. [15] that the CP violation sensitivity deteriorates substantially in the presence of sterile neutrinos can be drastically altered if there is an ND. We have checked that for the case of an FD only, the sensitivity is affected due to the marginalization of θ 14 (if θ 14 is fixed, then the value of the χ 2 function becomes very high). We also note that the sensitivity of δ 13 around 90 • for an FD only is affected more when we increase the neutrino running time. For δ 13 ∼ 90 • , the oscillation probability for antineutrinos is enhanced with respect to neutrinos, but the running time for antineutrinos is reduced, so statistics become reduced as the neutrino running time is increased. For the combined FD and ND, we note an asymmetry in the curve for δ 24 = −90 • and δ 24 = 90 • . For δ 24 = −90 • (90 • ), we see that the sensitivity is higher around δ 13 = 90 • (−90 • ). We have checked that this happens due to the marginalization of θ 24 and that the asymmetry disappears if θ 24 is fixed.
Next, after investigating the CP violation sensitivity of ESSnuSB due to δ 13 only, we study the CP violation sensitivity due to both δ 13 and δ 24 . In Fig. 6 , we show the CP violation sensitivity in the δ 13 (true) -δ 24 (true) plane in terms of 2σ and 5σ allowed regions, using the FD+ND configuration of ESSnuSB and assuming 5+5.
Note that in Fig. 5 , we marginalized δ 13 over 0 • and 180 • only and δ 24 in the full allowed range, whereas in Fig. 6 , both δ 13 and δ 24 are minimized over 0 • and 180 • in the test. We keep θ 34 fixed to 0 • in both true and test. From Fig. 6 , we see that for δ 13 = ±90 • , CP violation can be discovered at 5σ for all true values of δ 24 , but for δ 24 = ±90 • , CP violation can only be discovered at 5σ for limited values of δ 13 . This can be understood from Eq. (2.9), where we observe that the sensitivity to CP violation comes dominantly from δ 13 , since the leading-order term is linear in s 13 , while the sensitivity to δ 24 comes from the third-order term in the small parameters s 13 , s 14 , and s 24 . Therefore, the CP violation sensitivity due to δ 13 is larger than the CP violation sensitivity due to δ 24 . For δ 13 = 0 • and δ 13 = 180 • , CP violation can be found only at 2σ if δ 24 = ±90 • . However, for δ 24 = 0 • and δ 24 = 180 • , CP violation can be observed at more than 2σ for all values of δ 13 , except values around 0 • and 180 • . Note that in Fig. 5 , the CP violation sensitivity for the CP-conserving phases δ 13 = 0 • and 180 • is always zero, but in the present case, they can be non-zero, since the sensitivity also comes from δ 24 . 
Summary and conclusions
In this work, we have presented a comprehensive analysis for the sensitivity of the ESSnuSB experiment in the presence of light sterile neutrinos. Assuming both a far (FD) detector and a near (ND) detector, we have analysed the capability of ESSnuSB to constrain the sterile mixing parameters as well as the effect of light sterile neutrinos on the CP violation sensitivity.
In Section 4.1, we have studied the effect of one sterile neutrino flavor at the oscillation probability level, showing that oscillations driven by ∆m 2 41 are averaged out at the FD for the values of ∆m 2 41 currently preferred [18] . However, oscillations driven by ∆m 2 41 ∼ 1 eV 2 are fully developed for values of L/E at the ND, allowing to better probe the sterile mixing parameters at the ND, except for the CP-violating phases, whenever the energy reconstruction of the detector is good enough, as shown in Fig. 2 . In Section 4.2, we have found that ESSnuSB could be able to probe the interesting parameter space for the LSND result [24] down to sin 2 2θ µe ∼ 10 −4 if there is a perfect energy reconstruction. We have also studied the impact of different shape systematics and the sensitivity could go down to sin 2 2θ µe ∼ 10 −3 with the most aggressive choice of systematics.
Next, we have presented bounds in the sin 2 θ 14 (test) -sin 2 θ 24 (test) plane for different values of ∆m 2 41 . We have seen that for FD+ND the best bound is obtained for ∆m 2 41 = 1 eV 2 and that the bounds for an ND only are similar to those for FD+ND, implying that much of the sensitivity stems from the ND, as one would expect. In order to estimate the sensitivity with an FD only, we have considered a configuration of FD+ND with no energy information in the ND, so that it behaves as a counting experiment with exactly the same level of systematics as the FD+ND configuration. As expected, at the FD, the strong constraints on the sterile mixing angles for ∆m 2 41 ∼ 1 eV 2 are lost and the sensitivity corresponding to different values of ∆m 2 41 are similar, given that sterile neutrino driven oscillations are averaged out at the FD. Furthermore, we have found that the sensitivity depends mildly on the neutrino-antineutrino running ratio and the sensitivity is slightly better for the dominant neutrino run. In addition, the bounds on θ 24 are slightly better than the bounds on θ 14 , since there is a stronger dependence on θ 24 at the FD.
Then, in Section 4.3, comparing the sensitivity of ESSnuSB with that of T2HK, T2HKK, and DUNE, we have found that the sensitivity of ESSnuSB is weaker than the others for most of the parameter space. However, around sin 2 θ 14 = 0.3 and sin 2 θ 24 < 0.01, the sensitivity of ESSnuSB is similar to that of DUNE. As the sensitivities of the three others are estimated with an FD only, we have for comparison considered an ESSnuSB configuration with an FD only, having an overall 8 % (10 %) systematics in signal (background). This configuration of ESSnuSB gives comparable sensitivity to that of ESSnuSB with FD+ND when studying CP violation, which is the main purpose of the experiment.
Finally, in Section 4.4, we have studied the CP violation sensitivity due to δ 13 in presence of light sterile neutrinos and found that if there is an FD only, then the sensitivity to δ 13 is greatly reduced compare to the standard case, where there are no sterile neutrinos. Nevertheless, if we consider an ND, then for FD+ND the sensitivity can be even larger than the sensitivity without sterile neutrinos. Note that although the CP violation sensitivity is not coming from the ND itself, its ability to constrain the sterile mixing parameters in turn improves the CP violation sensitivity at the FD. Moreover, we have studied the CP violation sensitivity due to either δ 13 or δ 24 , and found that for any value of δ 24 CP violation could be found above 5σ given that δ 13 ∼ ±90 • , but not the other way around.
The results presented in our work are robust as in calculating the sensitivity and we have scanned the full parameter space consisting of standard and sterile neutrino oscillations. Our results show that in order to estimate the sensitivity to light sterile neutrinos at long-baseline experiments, it is extremely important to include an ND in the experimental setup.
